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The crucial role of hydrodynamic pinch-off instabilities is evidenced in the coarsening stage of
viscous liquids. The phase separation of a barium borosilicate glass melt is studied by in-situ
synchrotron X-Ray tomography at high temperature. The high viscosity contrast between the
less viscous phase and the more viscous phase induces a topological symmetry breaking: capillary
breakups occur preferentially in the less viscous phase. As a result, contrasting morphologies are
obtained in the two phases. This symmetry breaking is illustrated on three different glass composi-
tions, corresponding to different volume fractions of the two phases. In particular, a fragmentation
phenomenon, reminiscent of the end-pinching mechanism proposed by Stone et al. [1, 2] is evidenced
in the less viscous phase.
Understanding the fragmentation of liquids is a long-
standing problem in fluid dynamics [3]. The compe-
tition between surface tension, inertial and viscous ef-
fects at play in droplet generation and spray forma-
tion is of paramount importance in fields such as mi-
crofluidics [4], ocean-atmosphere exchanges [5] or vol-
canic eruptions [6, 7]. Of particular interest for indus-
trial applications is the size distribution arising from the
fragmentation process [3].
In the context of viscous coarsening of phase separated
silicate melts, we have recently evidenced an original frag-
mentation phenomenon leading to a power-law size dis-
tribution of droplets [8, 9]. Here the scale-free character
of the fragment-size distribution is a direct inheritance of
the self-similar structure of the inter-connected cluster.
In the course of liquid-liquid phase separation, interface
tension driven coarsening induces a temporal growth of
the characteristic size of the phase domains `(t) ∝ tα
where the exponent α depends on the transport mecha-
nism at play (diffusion, advection...) [10]. A major fea-
ture of the coarsening phenomenology is thus the observa-
tion of self-similar structures obeying dynamical scaling
invariance: structures are left statistically invariant after
renormalization by the characteristic length scale `(t).
In these experiments, as in other works, dynamical
scaling is a powerful tool to describe the statistical fea-
tures of the coarsening [11, 12], and can be derived in
a few situations [13]. The starting point of the scaling
laws governing domain growth is often the understand-
ing of the local mechanisms at play, e.g. hydrodynamic
pinch-off for viscous coarsening. The importance of these
local mechanisms was stressed by Siggia in his pioneering
work [14], but they have received little attention [15–17],
despite being key to the specific geometrical features of
the coarsening, such as the fragmentation we observed.
Here we show that a viscosity contrast can break the
symmetry between the two phases and lead to a different
morphology of the two phases, and to the fragmentation
of the less viscous phase. We use in situ synchrotron
microtomography to follow the temporal development of
viscous coarsening in phase-separated barium borosili-
cate melts at high temperature, with sufficient spatial
and temporal resolution to access the fine details of the
evolution of the structure of the two liquids. In particu-
lar, we unveil the crucial importance of the hydrodynamic
pinch-off mechanisms at play in viscous coarsening and
the effect of a viscosity contrast.
Phase-separated barium-borosilicate glasses – In the fol-
lowing we present results obtained on three glasses here-
after denoted by G1, G2, G3 (see compositions in Table
I). These glasses lie on the same tie-line: when heated in
the range T = 1160◦C−1210◦C used in the present series
of experiments, they decompose into a viscous silica-rich
phase and a fluid barium-rich phase. The viscosity con-
trast between the two phases is about 5 orders of mag-
nitudes [9]. Within the limits of the precision of the for-
mulation and the control and variarions of temperatures,
the composition of the two separated phases obtained
in the different experiments are extremely similar [18].
As summarized in Table I, only the volume fraction of
the two phases depends on the initial composition. Here
the volume fractions of the fluid phase are respectively
Φ1 = 0.27, Φ2 = 0.45 and Φ3 = 0.72. For the three vol-
ume fractions, the initial microstructure is bicontinuous,
suggesting spinodal decomposition.
In-situ experiments – X-ray tomographic experiments
have been performed on beamline ID19 at the European
Synchrotron Radiation Facility (ESRF). Glass samples
2 mm in diameter were studied in situ at high tempera-
tures using a dedicated furnace. A high-flux pink beam
of energy 32 keV was used, so that it took 15 s to ac-
quire a full 3-D image, corresponding to a volume of size
700µm×700µm×350µm, with voxels of size 1.1µm. Ad-
ditional details on the experimental set-up and data pro-
cessing (reconstruction, segmentation and characteriza-
tion of the 3D geometry) can be found in Ref. [8, 9, 18].
Coarsening results from series of topological events –
Coarsening studies emphasize the scaling properties of
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2Glass SiO2 B2O3 BaO T (
◦C) Fluid phase
compositions vol. %
G1 65 17 18 1160 27±2
G2 60 19 21 1210 45±2
G3 50 22 28 1160 72±2
Viscous phase 80 17 3 0
Fluid phase 36-38 26 36-38 100
TABLE I. Compositions in weight percentages of the three
glass compositions G1, G2, G3 under study and of the two
phases, (viscous) silica-rich and (fluid) barium-rich respec-
tively, obtained after separation. The temperatures of heat
treatments are also indicated.
FIG. 1. Evolution of the topology of the minority (barium-
rich) phase of glass G2 under coarsening. Top: snapshots of
an elementary topological event, the rupture of a capillary
bridge. Bottom: illustration of the same event in the comple-
mentary (silica-rich) phase, now the resorption of a hole.
domain growth and usually ignore the details of the geo-
metrical changes at play at the local scale. Independently
of the nature of the transport mechanism (diffusion or ad-
vection), statistical invariance upon time has important
consequences from a topological point of view. The char-
acteristic length scale of the structure can be interpreted
as a typical mesh size and the growth of this length scale
implies a decrease of the number of loops of the struc-
ture, hence a decrease of the topological genus of the
structure. However it is not possible to change the genus
of a structure by a continuous deformation. Coarsening
results necessarily from a sequence of topological events:
ruptures of links and their complementaries, resorptions
of loops. This point has been recognized early on by
Siggia [14], who proposed that viscous coarsening results
from capillary breakups and retractions of ligaments.
As illustrated on Fig. 1(top) obtained on glass G2, such
pinch-off events can be identified along the coarsening
stage. A capillary bridge breaks up and the retraction
of the resulting ligament feeds the remaining structure–
hence the growth of its characteristic size. As shown in
Fig. 1(bottom), the same elementary event can be seen
as the retraction of a loop in the complementary phase.
Beyond this example of topological event at local scale,
the Gauss-Bonnet theorem gives a global mathematical
characterization of the deep link between domain growth
FIG. 2. Evolution under coarsening of the inverse cubic root
of the volumic Euler characteristic χ of the percolating do-
main vs. characteristic size ` for the three glasses G1, G2
and G3. The dotted lines show indicative linear behaviors
associated with the expected scaling for viscous coarsening.
and topology [19, 20]:∫
S
KdS = 2piχ . (1)
The integral of the Gaussian curvature K on the sur-
face of the domains gives immediately access to the Eu-
ler characteristic χ, a topological invariant which is the
sum of isolated objects N , minus the number of loops L,
plus the number of cavities O: χ = N − L+O. During
coarsening, we expect capillary bridges to break, hence
decreasing the number of loops and the absolute value of
the Euler characteristic. The dynamic scaling invariance
at play for the evolution of the morphology of the do-
mains thus directly translates to their topology [21, 22].
Let us call `(t) the characteristic length scale at time t.
Dynamic invariance imposes that the statistical distribu-
tion of Gaussian curvatures P [K(t)] obeys:
P [K(t)] = `(t)2Ψ[K(t)`(t)2] . (2)
Combining (1) and (2) results in the following evolution
of the volumetric Euler characteristic χV :
χV (t) =
χ(t)
V
' S
V
K(t) ' `(t)−3 '
(
γ
η
t
)−3
(3)
where S and V are the total surface and volume of the
domain. The interface tension γ and the viscosity η
are associated with Siggia’s scaling of viscous coarsen-
ing `(t) ' (γ/η)t [9, 14].
Using the algorithm of Ref. [23–25] we computed the
evolution under coarsening of χV versus the expected
characteristic length scale `(t) = V/S, here computed
on the largest (interconnected) domain of the fluid phase
3for the three liquids. In Fig. 2 we represent the evolu-
tion of the effective length scale `χ(t) = χ
−1/3
V (t) versus
the coarsening characteristic length `(t). The remarkable
linear correlation that we obtain between the two quanti-
ties illustrates that dynamic scaling is valid for topolog-
ical quantities (such as χV ) as well, and emphasizes the
importance of a topological approach of coarsening [22].
Viscosity contrast induces topological symmetry break-
ing. The phase-separating melt under study is charac-
terized by a strong viscosity contrast. In the range of
temperatures considered [1160◦C-1210◦C], the viscosities
are ηF ≈ 10 Pa.s for the fluid phase and ηV ≈ 106 Pa.s
for the viscous phase [9, 18].
As discussed above, coarsening relies on a succession
of capillary break-ups and retractions of ligaments. How
is the dynamics affected by the strong viscosity asym-
metry? From the early work of Tomotika [26] based on
linear stability analysis, to the more recent discussions
about end-pinching [1, 2, 27–30] and detailed studies of
the break-up [31–36], the question of the stability of a
viscous thread or droplet suspended in another viscous
fluid has raised a wide interest in fluid mechanics (see e.g.
ref. [37] for a review). The present situation is clearly
more difficult to handle for at least two reasons. First,
the geometry of the inter-connected cluster and its lig-
aments is far more complex than a simple droplet or a
thread. In particular different curvatures have to be con-
sidered. A closer configuration in this respect may be
that of a toroidal droplet [38, 39]. Second, the liquid
surrounding the ligament about to break up is not ho-
mogeneous but is itself a mixture of the two phases. An
effective viscosity of the viscous matrix can be obtained
using a homogenization approach. However, long-range
hydrodynamic interactions are likely to be at play and in-
troduce correlation between successive breaking events.
Forgetting about most of the complexity of the prob-
lem, we draw simple scaling arguments, and estimate the
time scales associated with the two mechanisms at play:
break-up and retraction of a ligament. The only length
scale to be considered here is that of the coarsening `(t).
Retraction – A typical estimate for the retraction time
τR of a ligament of size ` and viscosity ηT suspended in
a fluid of viscosity ηM is [40, 41]:
τR ≈ 3`
4
ηT + ηM
γ
. (4)
For a disordered matrix surrounding the ligament, a
simple estimate of the effective viscosity gives ηM ≈
φηF + (1 − φ)ηV ≈ (1 − φ)ηV [42]. We thus obtain the
retraction times of a fluid and a viscous ligament respec-
tively:
τFR ≈
3
4
(1− φ)ηV `
γ
, τVR ≈
3
4
(2− φ)ηV `
γ
. (5)
Despite the strong viscosity contrast the time scale is
thus almost the same for the retraction of a fluid or a
viscous ligament in a phase-separated melt.
Break-up – Generalizing the time scale for the final
break-up of a ligament [43, 44] to the case of viscosity
contrast [31, 35], we get
τR ≈ HE0
ηM `
γ
(
ηT
ηM
)α
, (6)
where again ηM is the viscosity of the suspending fluid
and ηT that of the ligament, the constant H
E
0 ≈ 0.03 [43,
44] and the exponent α ≈ 0.5−0.6 [31, 35]. For simplicity,
in the following we consider α = 0.5 and get respectively
for the break-up time of a fluid and a viscous ligament
surrounded by the phase-separated mixture:
τFB ≈
√
1− φ
HE0
√
ηV ηF `
γ
, τVB ≈
√
1− φ
HE0
ηV `
γ
. (7)
Unlike for retraction, the break-up time scale appears to
be much lower for a fluid ligament than for its viscous
counterpart. A first consequence is that ruptures of cap-
illary bridges, as shown in Fig. 1, are much more likely
in the fluid phase than in the viscous phase. Conversely,
hole resorptions are more likely in the viscous phase. A
second consequence is that the breaking time scale of a
fluid ligament may also become much lower than the re-
traction time. This leaves room for an end-pinching like
mechanism in the fluid phase, i.e. an additional rupture
event during the retraction of a broken capillary bridge,
leading to fragmentation. In contrast, we expect frag-
mentation to be very unlikely in the viscous phase.
Following these simple scaling arguments, viscosity
contrast should induce a topological symmetry breaking
during viscous coarsening. This is indeed the case. In
the supplementary material (available on line) we show
a movie corresponding to the series of 3D tomography
images of the coarsening of glass G2. Only the minority
fluid phase experiences fragmentation.
Another spectacular illustration of this topological
symmetry breaking is given in Fig. 3(a) that shows the
contrasting morphology of glasses G1 and G3 after 20
min of heat treatment. The two compositions “mirror”
each other: in G1 the volume fraction of the fluid phase
is Φ1 = 0.27± 0.02 while it is Φ3 = 0.72± 0.02 ≈ 1−Φ1
in G3. Here only the minority phases are represented,
respectively the fluid phase for G1 and the viscous phase
for G3. When the minority phase is the fluid one, a
significant fragmentation is observed. Many isolated do-
mains (here colored in orange) can be identified together
with the percolating domain (in blue). In the comple-
mentary case, no fragmentation is observed in the mi-
nority viscous phase [45], only a fully connected domain
is obtained. The shape of the interconnected cluster also
differs between G1 and G3: when composed of the fluid
phase, it has a more compact and globular shape, while
elongated structures are observed for the viscous phase in
4FIG. 3. (a) Morphology of the minority phase after 20 min
at 1150◦C for glasses G3 (Left) and G1 (Right). The largest
connected domain is represented in blue; isolated domains
in orange. When the minority phase is the fluid one (G1,
Φ = 0.27) a lot of isolated domains are present. This frag-
mentation process is absent when the minority phase is the
viscous one (G3, Φ = 0.72). (b) Chord distributions for the
interconnected domains of (a), renormalized by the charac-
teristic scale `. Semilog plot shown in inset.
G3. In Fig. 3 (b), a quantitative view on this morphologi-
cal contrast is given by the chord-length distribution [46]
(the histogram of intercept lengths through the minor-
ity phase), with a more heterogeneous distribution and a
longer tail for the viscous phase (G3).
End pinching – While the simple scenario of end-
pinching presented above is appealing, the actual frag-
mentation mechanisms at play are likely to be more com-
plex and interdependent due to hydrodynamic interac-
tions. Yet, another phenomenon may result even more di-
rectly from end pinching: the refragmentation of already
fragmented isolated domains. Although the geometry of
these domains is not as well-controlled as that of the
elongated drops used in the experimental fluid mechan-
ics set-ups, we benefit here from a population of refrag-
menting drops significant enough for a statistical study.
According to the end-pinching scenario [1, 2] an elon-
gated droplet that relaxes can either relax to a sphere,
or fragment in two or more droplets depending on the
viscosity contrast and the aspect ratio.
The ratio of viscosity between a fluid droplet and the
phase-separated mixture is low enough here to allow frag-
mentation. Still, a minimum extension is required for
rupture to take place: no breaking event takes place be-
low a threshold aspect ratio L/R . 6 where L is the
length of the elongated drop before relaxation and R is
a typical radius [1, 2]. The end-pinching scenario can be
FIG. 4. Re-fragmenting probability of an isolated domain
w.r.t. its sphericity index at first fragmentation (symbols).
The dashed line shows a sigmoidal function f(S ) = 1/(1 +
e(S−Sc)/wc) with Sc = 2.1 and wc = 0.2. Inset: Histograms
of the sphericity indexS at fragmentation of isolated domains
(all, stable, refragmenting) of the three glasses G1, G2 and G3.
thus tested quantitatively via its dependence on the as-
pect ratio. In Fig. 4 we reported all fragmentation events
from the interconnected cluster taking place along the
coarsening of glasses G1, G2 and G3. In lieu of a ratio
L/R difficult to define on our domains we use a simple
sphericity indexS = S3/2/6
√
piV where S and V are the
surface and volume of the isolated domain just after it
has detached from the infinite cluster. A spherical drop
is such that S = 1 and an elongated domain is such that
S  1. For a cylindrical drop of aspect ratio L/R = 6,
corresponding to the stability threshold of end-pinching,
Sc ≈ 4/3. In the inset of Fig. 4 we show the sphericity
histogram for the whole set of isolated domains at frag-
mentation as well as its restrictions to domains that do or
do not refragment afterwards. The two populations are
clearly distinguishable. In the main panel we show the
cumulative probability of refragmenting versus spheric-
ity. We get a sharp transition at Sc ≈ 2.1± 0.2, a value
a bit larger than for simple elongated droplets.
The scenario of end-pinching thus seems to reason-
ably account for the refragmentation of isolated domains.
Despite the complexity of the material and the high-
temperature conditions, these results support the idea
that the viscous coarsening of silicate melts is fully ac-
counted for by Newtonian fluid dynamics.
Conclusion – The dynamics of viscous coarsening ap-
pears to be dramatically modified by a strong viscosity
contrast between the phases. A topological symmetry
breaking is evidenced: elementary breaking events occur
only in the most fluid phase and lead to fragmentation
while resorption events occur only in the most viscous
phase that remains inter-connected. The crucial impor-
tance of pinch-off mechanisms is illustrated by an end-
5pinching fragmentation taking place in the fluid phase.
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